Honey is a valued substance that has excellent nutritional value. However, it is a vulnerable product, with the possibility of adulteration at each stage of its production and processing, in terms of direct and indirect adulteration. The objective of this study was to determine whether feeding of honey-bee colonies with honey-bee candy results in honey adulteration. The physicochemical properties of honey samples were determined, and the ability to discriminate between authentic and adulterated honey was studied. The physicochemical properties evaluated were water and hydroxymethylfurfural content, electrical conductivity, pH value, acidity, foreign enzymes, and stable isotopes. Sensory and melissopalynological analysis were also performed on 39 honey samples. β-fructofuranosidase activity, δ 13 C (honey), difference between the δ 13 C of the honey and of its protein (i.e. Δδ 13 C) were identifi ed as the most important to discriminate between authentic and adulterated honey samples. The results of the study indicate that honey-bee feeding practices might have an infl uence on honey and its adulteration.
Honey is a valued sweet and viscous substance that has excellent nutritional value. However, it is a vulnerable product, with the possibility of adulteration at each stage of its production and processing (WHITE & WINTERS, 1989; PADOVAN et al., 2003) . For instance, honey can be adulterated with fraudulent intent by feeding the honey bees during the honey fl ow, as indirect adulteration, or by the addition of sugar after the honey harvesting, which can lead to higher honey production through direct adulteration (ZÁBRODSKÁ & VORLOVÁ, 2014) . In our experience, adulteration can also be unintentional, such as when caused by mistakes made by the beekeepers, or misuse of their technology, particularly when there is the need to feed the honey-bee colonies before winter or before the honey-fl ow season (our unpublished data). Due to bad weather conditions, the beekeepers sometimes have to feed the honey bees during early spring (STANDIFER, 1980) , usually with a honey-bee candy, which can result in adulteration of the honey (our unpublished data).
Testing for honey adulteration can be done through analysis of the sensory and melissopalynological properties, and of the different physicochemical parameters of the honey. These can include the sugar and amino-acid profi les, the diastase activity, and the content of hydroxymethylfurfural (HMF) and proline (COTTE et al., 2003) . Evaluation can also include the presence of foreign enzymes (e.g., β-fructofuranosidase, β/γ amylase) in the honey, which are used in inverted sugar syrup production (VALKOV et al., 2010) .
Several analytical techniques can be used for the detection of honey adulteration, including chromatography (FÖLDHÁZI, 1994; CORDELLA et al., 2003; 2005; CABAÑERO et al., 2006; PUSCAS et al., 2013) and spectrometry (GALLARDO-VELÁZQUEZ et al., 2009) 
. The
Acta Alimentaria 46, 2017 introduction of stable carbon isotope ratio mass spectrometry was a milestone in the detection of more sophisticated adulteration of honey with syrups. The method was also improved using an isolated honey protein as an internal standard, which has enhanced the sensitivity and thus lowered the limit of detection for C 4 sugars from ca. 20% to 7% (DONER & WHITE, 1977) .
The majority of the research into honey is concentrated on the means of direct and indirect adulteration with different varieties of sugar syrup (CORDELLA et al., 2005; RUIZ-MATUTE et al., 2010; GULER et al., 2007; , while there remains the problem of not knowing what happens to the honey after using honey-bee candy in honey-bee feeding. The objective of the present study was to determine whether bee colony feeding in spring with a honey-bee candy can cause honey adulteration, and which analytical methods are the most useful to determine such adulteration.
Materials and methods

Honey-bee colonies
Thirty honey-bee colonies (Apis mellifera carnica Pollmann, 1879) were settled into a bee house in the Gorenjska region (Slovenia). The technique of reversing the combs from the brood chamber to the honey supers was used to prevent swarming. The honey-bee colonies were divided in the various groups. As the controls, honey-bee colonies from groups 21 and 31 were used, which did not receive any food in spring. Groups 22 and 32 received winter feeding in the supers at ca. 3 kg, groups 23 and 24 received 5 kg honey-bee candy in total, group 331 received 0.75 kg, group 332 received 1.5 kg, and group 333 received 2.5 kg honeybee candy in total. The honey-bee sugar candy Stimulans contained yeast, while Apifonda did not. The division of these colonies into the various groups is presented in Table 1 . 
Sampling
Honey samples were taken from the honey harvested on 11 June in both 2012 and 2013. Samples within the groups in 2012 were collected together. In 2012, within one group, only three samples were collected, with the honey from three of the colonies harvested in the same tank, except samples from group 24, which were collected separately, and thus 11 samples were collected. In 2013, the samples from each hive were collected separately, although no honey was harvested from colonies 1 and 2, and so 28 samples were collected.
Microscopic analysis
Qualitative and quantitative melissopalynological analyses were carried out according to the standardised methods of melissopalynology (VON DER OHE et al., 2004) . The Shannon-Weaver diversity indices were calculated.
Sensory analysis
All of the samples were coded with a random three-digit code. Three trained assessors determined the sensory characteristics of the honeys on the basis of previously memorised standards for polyfl oral honey. The scoring method had a maximum of 27 points, which were applied for the evaluation of the colour, brightness, odour, taste, aroma persistence, and aroma typicality of the honey samples. Non-trained assessors (32 consumers of honey) were used to determine hedonically whether the honeys were authentic. The consumers tasted the honey samples and circled YES or NO on the score sheet according to their opinion on the honey authenticity. Each honey sample was assessed by at least three consumers, in a random order.
Physicochemical analysis
Water content, electrical conductivity, pH value, free acidity, diastase activity, and HMF content were analysed according to the standardised methods of the International Honey Commission (BOGDANOV et al., 1997) . The qualitative melissopalynological and sensory analysis and the data on the electrical conductivity were used to also determine the botanical origins of the honey samples.
Analysis of stable isotopes-ISCIRA method
The carbon isotope ratios ( 13 C/ 12 C) were determined for the honey and protein samples according to the AOAC method 998.12 (AOAC, 1999) as well as to PADOVAN and co-workers (2003) .
Foreign enzymes
The presence of β-fructofuranosidase and β/γ amylase in the honey samples was investigated by Intertek Food Service GmbH (Germany).
All of the analyses within one parameter were conducted at the same time within three days.
Statistics
The statistical analysis was carried out using SPSS 21.0 version for Windows (IBM). Basic descriptive statistics, analysis of variance (ANOVA), and non-parametric tests were used. Multivariate analysis was carried out using linear discriminant analysis and principal component analysis.
Results and discussion
According to the electrical conductivity, sensory and melissopalynological characteristics, all of the honey samples were of polyfl oral nectar origin. All of the samples were in line with values for the physicochemical parameters set by Council Directive 2001/110/EC (EC, 2001) relating to honey. In terms of the full parameters analysed, most of the samples were classifi ed as authentic, except some of the samples listed below. The mean data and the basic statistics obtained from the analyses are given in Table 2 .
Microscopic analysis
According to the experimental procedures (Table 1) , it was expected that the honey samples from groups 21 and 31 (i.e., with no spring feeding) would have higher amounts of pollen and might have more variability in the plant species. Honey bees also collect pollen for their bee bread, which can fall into the honey during the honey harvesting (MAURIZIO, 1975) . The presence of bee bread in the honey might be higher due to the reversing of the honey combs from the brood chamber to the honey supers, as in our case, because the bee bread is saved near the bee brood (MAURIZIO, 1975) . Due to this, the pollen spectrum and the quantity of pollen are not reliable methods for the defi nition of honey adulteration.
In both of the sampled honeys from 2012, where the honey bees received feeding (i.e., groups 23, 24), a large number of yeast cells were observed, while in the samples from groups 21 and 22 (i.e., no feeding), there were no yeast cells. Although similar in 2013, yeast cells were identifi ed in only fi ve of the samples where the bees received feeding (i.e., three in group 331, and one each in groups 332, 333). The presence of yeast in honey is potentially a strong indication of honey adulteration, because of the use of yeast in honey-bee candy preparations.
Sensory analysis
The tests carried out for the authenticity of the honeys regarding their sensory properties according to the consumers did not reveal any differences between the honey samples from the different experimental groups. However, the trained assessors scored the samples from groups 21 and 32 (i.e., no spring feeding) signifi cantly higher, and the samples from group 332 (i.e., spring feeding with 0.33 kg paste/feeding) signifi cantly lower than the other honey samples.
Physicochemical analysis
The electrical conductivities of honeys are mainly dependent on their source, which was also seen in the present study. The samples from 2012 had signifi cantly higher electrical conductivities than the samples from 2013. The honey water content, pH value, and diastase activity were also infl uenced by the season of the harvesting of the honey samples (i.e., 2012 vs. 2013), rather than by the experimental feeding of the bees. Samples from the feeding groups had the lowest values of electrical conductivity (i.e., groups 331, 332, 333), pH value (i.e., groups 24, 331, 332, 333), and diastase activity (i.e., groups 23, 331, 332, 333).
Although the diastase activity and HMF content were analysed for both 2012 and 2013, these cannot be directly compared as the ages of the honeys at the time of these analyses were not the same. However, the comparisons of the HMF content within the samples from 2013 showed signifi cant differences between the samples of group 31 (i.e., no feeding) and all of (3) 22 (3) 23 (3) 24 (2) 31 (4) 32 (6) 331 (6) 332 (6) 333 ( the other experimental conditions. Indeed, supplementary feeding with sucrose and inverted sucrose syrup has been shown to affect the water and HMF content, diastase activity, free acidity and pH value of honeys (ÖZCAN et al., 2006) .
Analysis of stable isotopes
The samples from 2013 had more negative δ 13 C (honey). Pure honey has been shown to have more negative δ 13 C than syrup (PADOVAN et al., 2003) . The samples from group 31 had the highest, and statistically signifi cant, negative values (i.e., for no feeding), and the samples from group 23 had the lowest negative values (i.e., for spring feeding with 1 kg paste / feeding), which corresponds to their foreign enzyme activity and to similar previous studies (GULER et al., 2014) .
The difference between the δ 13 C of the honey and of the honey protein (i.e., Δδ 13 C) exceeded 1‰ in six samples, as one sample in groups 21, 22, and 24, and in all three samples in group 23 (Table 2) , which indicates the detection of honey adulteration. According to the design of our study, the samples from groups 31 and 21 (i.e., reversing with no feeding) should be authentic honey; however, in group 21, one sample appeared to be adulterated according to the Δδ 13 C. Basing on Δδ 13 C exceeding 1‰, KROPF and co-workers (2010) suspected adulteration in six samples out of 271 analysed samples (i.e., 2% of their honey samples), and COTTE and co-workers (2007) in 3 out of 97 honey samples (i.e., 3% of samples). However, later, some of these apparently adulterated samples were believed not to be adulterated, because of the controls that the beekeepers were under, and because other honey analyses did not show any adulteration. These studies concluded that some reservations can be formulated about the validity of the ISCIRA method, and the present study can confi rm their fi ndings. Thus, it is important to fi nd new methodologies for the detection of honey adulteration (COTTE et al., 2007) . Separation techniques coupled to isotope ratio mass spectrometry have been suggested to be more powerful (CABAÑ ERO et al., 2006) . The same can also be concluded in the present study for samples from the no-feeding group (i.e., group 21).
Foreign enzymes
The honey harvested from the colonies that were fed honey-bee candy in 2012 (i.e., groups 23, 24) had signifi cantly higher levels of β-fructofuranosidase activity, while in the other samples (i.e., groups 21, 22) there was none. For the β-fructofuranosidase, where >20 units/ kg honey has been used to show adulteration (ZÁBRODSKÁ & VORLOVÁ, 2014) , some of these values were high, at 124 units/kg for group 23, and 85 units/kg for group 24, thus indicating adulteration of these honeys. In the samples from 2013, there were no signifi cant differences in the foreign enzyme activities among the honeys from the no-feeding and the fed colonies, with only one sample in group 332 (i.e., spring feeding in 2013 with 0.33 kg/feeding of commercial honey-bee candy) that showed β-fructofuranosidase activity (21.2 units/kg), which again indicated adulteration of the honey (Table 2) . Detection of β-fructofuranosidase activity appears to be a successful method to reveal adulteration of honey by the indirect adulteration method of feeding the honey-bee colonies with candy made of sugar, while FEI and co-workers (2012) identifi ed honey adulteration using rice syrup based on determination of γ-amylase.
Multivariate analysis
When the values for the 16 parameters determined for the honey samples were processed according to the principal component analysis, the parameters identifi ed as the most important for discrimination among these experimental groups of samples were: β-fructofuranosidase activity, β/γ amylase activity, δ 13 C (honey), Δδ 13 C, electrical conductivity, and pH value (Fig. 1) . The electrical conductivity of honey has also been indicated as one of the most important discriminating parameters in other studies (GULER et al., 2007) . Fig. 1 . Determination of the most important parameters for honey discrimination according to principal component analysis: pH value, electrical conductivity, β-fructofuranosidase, β/γ amylase, δ 13 C (honey), and Δδ 13 C. pH: pH value; EC: electrical conductivity; BFF: β-fructofuranosidase; BETAGAMAamil: β/γ amylase; GAMABULK: ∆ 13 C honey; DIFERGAMA: ∆ 13 C
Linear discriminant analysis
Linear discriminant analysis (Fig. 2) revealed that on the basis of the parameters analysed, 97.4% of the samples were correctly classifi ed into their actual group. However, 16.7% of the samples in groups 32 and 333 were not correctly classifi ed. As seen in Figure 2 , the samples in groups 23 and 24, and also groups 21 and 22, differed signifi cantly across the analysed parameters from the samples in the other groups. 
Conclusions
It is diffi cult to detect honey adulteration when honey-bee colonies are fed with sugar, because the honey-bees produce the adulterated honey in the same manner as for the natural honey fl ow. The sensory analysis and the pollen spectrum did not indicate these samples as adulterated. On the basis of the present study, the most successful analyses to reveal honey adulteration after feeding honey-bee colonies with honey-bee candy are the activities of foreign enzymes in the honey and the determination of the δ
13
C values. The presence of yeast in honey might represent a strong indication of honey authenticity, and this should be correlated with the foreign enzyme activities from further analyses.
Feeding honey-bee colonies in spring and also reversing the honey combs can present a risk of honey adulteration; however, this risk can be large or small depending on other factors, such as the honey-fl ow season and the bee-colony strength, and especially the amount of added honey-bee candy for feeding.
